The expression of lipase from Pseudomonas sp. strain KWI-56 (recently reclassified as Burkholderia cepacia) had been found to be dependent on an activator gene (act) downstream of its structural gene (lip). In this work, the mature lipase was synthesized in an enzymatically active form with a cell-free Escherichia coli S30 coupled transcription-translation system by expressing a recombinant lipase gene (rlip) encoding the mature lipase in the presence of its purified activator or by coexpression of rlip and act. The in vitro expression systems were used for studying the folding process of the lipase. The addition of dithiothreitol in the expression systems decreased the activity dramatically without affecting the synthesis level of the lipase, whereas the in vitrosynthesized active lipase was relatively stable even in the presence of dithiothreitol. This phenomenon was further investigated by constructing mutant lipase genes only in vitro by PCR without gene cloning. Replacements of cysteine residues (Cys190 and Cys270) forming a sole putative disulfide bond to serine residues decreased the lipase activity greatly, suggesting that the disulfide bond was essential for the proper folding of the lipase. In addition, replacing Asp242 and Asp288, which were deduced to be part of a Ca 2؉ binding site, also greatly decreased the activities of the in vitro-synthesized lipases. The role of the Ca 2؉ binding site in the activation of the lipase is also discussed.
Extracellular lipase produced by members of the genus
Pseudomonas has a wide range of potential applications in the hydrolysis, esterification, and transesterification of triglycerides or in the chiral selective synthesis of esters (11, 20) . In recent years, a variety of Pseudomonas lipase genes have been cloned, sequenced, and characterized (5, 6, 8, 14, 21, 26) . These lipases can be divided into three classes (designated classes I to III) depending on their amino acid sequence homology (34) . The lipases of classes I and II have been found to require additional genes that are located downstream of the lipase genes for their active expression (1, 5, 9, 12, 15, 41) . These genes were reported to direct the synthesis of chaperone-like proteins, named modulator, activator, or chaperone, to assist the correct folding of lipase specifically. The inactive lipases produced by recombinant Escherichia coli cells could be reactivated by an in vitro denaturation-renaturation method with the assistance of such chaperones (10, 13, 16, 33, 34) .
The crystal structures of the lipases from Pseudomonas cepacia and Pseudomonas glumae have been determined previously (24, 31) . It was found that a disulfide bond and a calcium binding site existed in the tertiary structures of the lipases. It is possible that they exist commonly among the Pseudomonas lipases of classes I and II because of the conservative amino acid sequence structures in the corresponding sites (39) . The disulfide bond and the calcium binding site are thought to be important for the stability of lipase. However, their functions have not been fully examined experimentally.
The technology of cell-free protein synthesis has been improved by various methods to raise its productivity in a batch system since its establishment in the 1960s (22, 23, 27, 28, 40) . Now, cell-free protein synthesis with various reactors from a cloned DNA fragment provides an alternative way to obtain large amounts of the desired protein without using living cells (29, 30, 37) . Since it is not necessary to clone a mutated gene and to introduce a recombinant plasmid into host cells, this is an efficient method to get mutated proteins (4, 35) . It is even more advantageous for the synthesis of proteins that are fatal to the host organism. An extracellular lipase from Pseudomonas sp. strain KWI-56 (recently reclassified as Burkholderia cepacia) was reported to be a thermostable enzyme with potential industrial uses (17) . It was purified, and its structural gene (lip) was cloned together with an activator gene (act), which was necessary for the active production of the lipase (18, 19) . The expression of this lipase in recombinant E. coli resulted in only a small amount of active lipase, which was found in the membrane fraction of the E. coli cells. However, the processed site of its signal peptide was changed from the original one. Moreover, the recombinant plasmid was gradually lost in the E. coli hosts. These shortages greatly reduced available methods to investigate the activation and folding process.
In this work, a recombinant lipase gene (rlip) encoding the mature lipase without its N-terminal signal sequence and the activator gene (act) were subcloned into a high-expression plasmid under the control of the T7 RNA polymerase promoter. Active lipase was synthesized in a cell-free coupled transcription-translation system with E. coli S30 extract by coexpressing rlip and act or by expressing only rlip in the presence of partially purified activator protein which was obtained from activator-overproducing cells. Mutant lipases containing the site-directed replacements of amino acid residues were synthesized directly from templates prepared by PCR in the in vitro expression system. These methods greatly facilitated the analysis of the roles of the disulfide bond and the calcium binding site. The results suggest their important functions in the activation process of the lipase.
Luria-Bertani medium containing 1% glucose, 50 g of ampicillin per ml, and 25 g of chloramphenicol per ml at 37°C to achieve an optical density of about 0.6 at 660 nm. IPTG (isopropyl-␤-D-thiogalactopyranoside) was added into the culture broth to a final concentration of 0.4 mM, and the culture was incubated at 37°C for another 2 h. The cells harvested by centrifugation were suspended in 35 ml of 50 mM Tris-HCl buffer (pH 8.0) and treated by ultrasonic disintegration, resulting in a crude cell extract. Following centrifugation (10,000 ϫ g for 15 min at 4°C), the crude cell extract was precipitated by 20% saturated ammonium sulfate. The pellets, after centrifugation at 10,000 ϫ g for 20 min, were resuspended in 20 ml of 50 mM Tris-HCl buffer (pH 7.4) and dialyzed against the same buffer containing 10 mM Mg(OAc) 2 . The purity of the activator was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) staining with Coomassie brilliant blue R-250.
The expression for rlip was carried out by the same method as that for act. Cells of E. coli BL21(DE3)/pLysS bearing pRSET-rLip harvested from the expression cultivation were suspended in 50 mM Tris-HCl buffer (pH 8.0) containing 30 mM NaCl. After ultrasonic disruption, the supernatant obtained by centrifugation at 3,000 ϫ g for 10 min was collected as the crude cell extract. Then the soluble and insoluble proteins were separated by centrifugation at 8,000 ϫ g for 20 min, and the distribution of the lipase protein was analyzed by SDS-PAGE.
In vitro coupled transcription-translation. E. coli S30 extract in acetate buffer [9.9 mM Tris-acetate (pH 7.4) containing 14 mM Mg(OAc) 2 and 60 mM KOAc] was prepared according to the procedure of Ellman et al. (7) . The in vitro coupled transcription-translation was carried out by the method described by Ohuchi et al. (32) with some modifications. Three microliters of pRSET-rLip (100 g/ml) or 3 l of PCR-amplified DNA product was used as template in a total volume of 40 l of reaction mixture containing the following: 42.3 mM Tris-acetate buffer, pH 7.4; 0.92 mM ATP; 0.64 mM GTP; 0.64 mM CTP; 0.64 mM UTP; 30 mM creatine phosphate; 0.11 mg of creatine kinase per ml; 0.24 mM (each) 20 kinds of unlabeled amino acid; 0.13 mg of E. coli tRNAs per ml; 26.0 g of folinic acid per ml; 3% (wt/vol) polyethylene glycol 6000; 7.5 mM Mg(OAc) 2 ; 112.5 mM KOAc; 26.9 mM NH 4 OAc; 7.5 g of rifampin per ml; 10 g of T7 RNA polymerase per ml; and 40% E. coli S30 extract.
14 C-labeled leucine at 0.012 mM was included in the reaction system for scintillation counting and SDS-PAGE autoradiography.
Coexpression of rlip and act was carried out with both pRSET-rLip and pRSET-Act as transcription templates with a molar ratio of 1:1, while expression of rlip from pRSET-rLip with presynthesized activator was carried out by adding 0.3 mg of partially purified activator per ml.
After translation with [ 14 C]leucine, 5 l of the reaction solution was applied for measuring the incorporated [ 14 C]leucine by the method of trichloroacetic acid precipitation. The amount of synthesized protein was deduced from the scintillation of radioactive leucine incorporated into the acid-insoluble fraction. Alternatively, 5 l of reaction mixture was applied to SDS-12% polyacrylamide gels with rainbow 14 C-methylated protein (molecular mass, 2,350 to 46,000 Da; Amersham Pharmacia Biotech Co., Tokyo, Japan) as molecular weight markers. The gels were dried and exposed to a Fuji imaging plate for 16 to 20 h and were analyzed with a Fujix BAStation (Fuji Photo Film Co. Ltd., Tokyo, Japan).
Introduction of mutation into lipase gene by PCR. Mutations in rlip were generated by overlapping PCR (4) with some modifications as illustrated in Fig.  2 . To introduce double mutations, for example, the whole sequence of the T7 promoter, rlip, and the T7 terminator was amplified as three fragments by using three pairs of primers. The standard conditions for the first-step PCR were as follows: 30 cycles of 10 s at 98°C, 30 s at 55°C, and 1 min at 72°C. The annealing temperatures varied depending on the sequences of primers. In the overlap extension PCR, the three independently amplified fragments of 1 l each were mixed and subjected to five cycles of denaturation (10 s at 98°C), annealing (30 s at 55°C), and extension (1 min at 72°C) in 50 l of reaction mixture without any primer. Finally, the reconstituted fragment was amplified by 25 cycles of 10 s at 98°C, 30 s at 55°C, and 1 min at 72°C after the addition of 0.5 M T2 primer. By using the homoprimer T2 (2), amplification of the original sequence was greatly reduced. LA Taq polymerase was applied throughout this experiment.
Sets of primers used for each mutant were as follows: for C190S, T2-F2 and C190R and C190SF and T2-R2; for C270S, T2-F2 and C270R and C270SF and T2-R2; for C190/270S, T2-F2 and C190R, C190SF and C270R, and C270SF and T2-R2; for D242A, T2-F2 and D242R and D242AF and T2-R2; for D288A, T2-F2 and D288R and D288SF and T2-R2; for D242/288A, T2-F2 and D242R, D242SF and D288R, and D288SF and T2-R2; for wild type, T2-F2 and T2-R2.
Lipase activity assay. p-Nitrophenyl octanoate was emulsified by ultrasonication at a final concentration of 25 mM in the presence of 0.5% Triton X-100 in 50 mM potassium phosphate buffer (pH 6.5). The substrate solution of 190 l was preincubated at 37°C for 3 min. Properly diluted lipase sample (10 l) was added and incubated for another 10 min. The reaction was stopped by adding 800 l of ethanol. The mixtures were then clarified by centrifugation, and the absorbance at 400 nm was measured. One unit of lipase activity is defined as the amount of enzyme that liberates 1 mol of p-nitrophenol in 1 min at 37°C. 
RESULTS
Expression of the lipase and the activator in E. coli. Both pRSET-rLip and pRSET-Act ( Fig. 1) were transformed into E. coli BL21(DE3)/LysS. The SDS-PAGE analysis of the cell lysate of the recombinant E. coli cells showed that a 33-kDa band appeared in the cells bearing pRSET-rLip, while a 37-kDa band was observed in those bearing pRSET-Act (Fig. 3) . The recombinant lipase was not soluble, suggesting that it was produced as an inclusion body, whereas the activator was recovered in the soluble fraction. Then the activator was further purified by precipitation with ammonium sulfate as described in Materials and Methods. The purity of the activator was over 50% as analyzed by SDS-PAGE.
Activation of the lipase synthesized in the in vitro coupled transcription-translation system by coexpression of rlip and act.
Simultaneous expression of rlip and act, encoded by pRSETrLip and pRSET-Act, respectively, was carried out in the coupled transcription-translation system. As shown by autoradiography of SDS-PAGE (Fig. 4A) , mature lipase and activator appeared in the reaction mixture with the molecular masses of 33 and 37 kDa, respectively. The total synthesized protein was also assayed by scintillation counting, revealing that it reached a plateau after about 20 min and kept nearly constant within a time course of 90 min (data not shown). On the other hand, the assay of the lipase activities of the coexpression reaction showed that the activity rose quickly after the translation started, reached a peak of 157 U/ml after 20 min, and decreased slightly afterward (Fig. 5) . If the rlip gene was expressed without the act gene, no activity was detected in the reaction mixture, although the synthesis of lipase protein was not affected.
These data show that even in the coupled transcriptiontranslation system, the expression of active lipase could be obtained and required the presence of the act gene. In addition, lipase thus produced was relatively stable compared with FIG. 2. Schematic representation of the strategy for overlapping PCR introducing mutations into rlip. M1 and M2 are mutation sites; M1R and M2R represent overlap primers; M1F and M2F represent primers containing mutation sites. In the first-step PCR, two fragments for single mutation or three fragments for double mutation are amplified. After overlap extension (exten.) PCR, the reconstituted mutant genes are further amplified in the second-step PCR by a homoprimer, T2. The sequences of the primers in the experiment are listed here: T2, GCGTACTAGCGTACCACGTG; F2-T2, GCGTACTAGCGTACCACGT GATCTCGATCCCGCGAAATTAATACGACTCAC; R2-T2, GCGTACTAG CGTACCACGTGGCCAGATCCGGATATAGTTCCTCCTTTCAG; C190R, ACTGCCCGGCGCACCCAGGC; C190SF, GCCTGGGTGCGCCGGGCAG TTCGCAGACCGGCGCGCCGACCGA; C270R, CTTCGACACGAGCCCG TCGTTCT; C270SF, AGAACGACGGGCTCGTGTCGAAGTCGAGTGCG CTGTACGGCAAGGTGC; D242R, GAGCACGTTCGCCAGATCAA; D242SF, TTGATCTGGCGAACGTGCTCGCGCCGTCGACGCTCGCGCTG TT; D288R, GAGGTGGTTCCACTTGTAGCTC; D288AF, GAGCTACAAG TGGAACCACCTCGCGGAGATCAACCAGCTGCTCGGCG. the lipase from Pseudomonas sp. strain 109 in the same expression system (42) .
Activation of the lipase expressed from the rlip gene in the cell-free coupled transcription-translation system with partially purified activator. The full length of the activator was successfully produced in the recombinant E. coli as a soluble protein. Its function in a partially purified form was investigated in the in vitro expression of rlip encoded by pRSET-rLip.
The synthesis of the lipase was analyzed by autoradiography of SDS-PAGE and scintillation counting. As shown in Fig. 4B , the lipase was synthesized as a single band of 33 kDa, which corresponded to the molecular mass of the mature lipase. The time course of radioactive leucine incorporation also showed that the translation of lipase reached a plateau after 20 min of reaction and leveled off at least up to 90 min (data not shown).
The enzyme activity in the reaction mixture with partially purified activator was assayed at 5, 10, 20, 40, 60, and 90 min. After 20 min of translation, the lipase activity also reached a peak and remained relatively stable afterward (Fig. 6) . The specific activity of the lipase at 60 min of translation was 5,940 U/mg, calculated by dividing the activity by the protein concentration, which was deduced from scintillation counting. The activity level obtained with the presynthesized activator (Fig. 6 ) was higher than that obtained by the coexpression (Fig. 5) . One reason might be that the amount of synthesized lipase protein generated by the former method (Fig. 4B ) was higher than that by the latter (Fig. 4A) .
If the same amount of the activator was added into the expression mixture at 30 and 60 min after the translation started, only 20.1 and 7.3 U, respectively, of lipase activities per ml were recovered, although the protein synthesis did not change. They were 8.9 and 3.2%, respectively, of the activity obtained when the activator was present from the beginning (Fig. 6) . Since the result of the radioautography of SDS-PAGE showed no serious degradation of the synthesized protein, the amount of the lipase protein remained relatively constant in the reaction mixture. These data suggest that without the activator the synthesized lipase protein would quickly fold to inactive forms that could not be easily accessed by the activator. And once the inactively folded lipase was produced, it would not be able to be quantitatively renatured even though the activator was added subsequently.
Effect of DTT on the synthesis of active lipase. Usually, dithiothreitol (DTT) is included in the E. coli S30 expression system as a reducing agent. In the presence of a normal concentration (2 mM) of DTT, however, the lipase activity was much lower than that in its absence. In both cases of the coexpression of the two genes (Fig. 5 ) and the expression of rlip with the activator protein (Fig. 6) , the activity of lipase decreased dramatically after 10 min of the translation reaction. But the synthesis of the lipase protein lasted longer, until a plateau was reached at about 20 min. In the case of coexpression of the two genes, the activity obtained at 90 min in the presence of DTT was only 6.9% of that in the absence of it (Fig. 5) . Similarly, with the presynthesized activator, the final product with DTT was only 4.3% as active as the lipase expressed without DTT (Fig. 6) . It was also found that the translation rate and the yield of protein were almost unaffected by the addition of DTT (data not shown). Therefore, this suggests that DTT did not interfere with the protein synthesis of the lipase but affected its activation process or enzyme stability.
Effect of mutation at the disulfide bond-forming sites on the activation process of lipase. By analyzing the amino acid sequence of the lipase from Pseudomonas sp. strain KWI-56 (18), two Cys residues were found at positions 190 and 270. It was reported that a disulfide bond was formed between the corresponding sites in the lipases of P. cepacia (24) and P. glumae (31) . It is quite reasonable to deduce that a disulfide bond is formed between the two Cys residues of the lipase of Pseudomonas sp. strain KWI-56, because these two sites are highly conserved among many other Pseudomonas lipases.
Therefore, the effect of DTT on the lipase was further investigated by making mutant lipases with amino acid replacements at these two sites. By means of overlapping PCR, Cys190 and Cys270 were replaced by Ser, yielding DNA fragments encoding mutant lipases of C190S, C270S, and C190/270S as illustrated in Fig. 2 . The wild-type gene was also amplified by PCR, since the expression level from the linear template of PCR product was lower than that from the circular plasmid. The wild-type and mutant genes of rlip on PCR-amplified fragments were then coexpressed with act encoded by pRSETAct. As a result, the time course of the wild type showed a great difference between the lipase activities with and without DTT (Fig. 7A) . In its presence, a sharp peak appeared at an early stage of the time course and was followed by a rapid decrease before the activity reached a plateau gradually within 40 min. In contrast, all the mutant lipases showed a similar time course profile of the lipase activity in both the presence and the absence of DTT (Fig. 7B to D) .
In order to compare the specific activities of the wild-type and the mutant lipases, the genes of the wild type, C190S, C270S, and C190/270S were expressed from their PCR templates with the presynthesized activator. The protein concentrations were deduced from the radioactive leucine by scintillation counting. The results show that the specific activities of the mutant lipases were about 11 to 27 times lower than that of the wild type (Table 1) .
DTT (2 mM) was added into the mixture of wild-type lipase, which was synthesized freshly by the cell-free system. The lipase activity remained 92% after the mixture was incubated at 37°C for 2 h. So the low activities of the wild-type lipase synthesized in the presence of DTT and the mutant lipases should be due to the folding process instead of enzyme stability.
The role of a calcium binding site in the activation of the lipase. A calcium binding site was found in the crystal structure of the lipase from P. cepacia and P. glumae (24, 31) . The calcium ion ligands in the P. cepacia lipase include two carboxylate groups of Asp242 and Asp288, two carbonyl groups of Gln292 and Val 296, and two water molecules (24) . The same primary structure was also found in the lipase of Pseudomonas sp. strain KWI-56. Because of the high similarity among the three lipases, it can be deduced that the calcium binding site also exists in this lipase.
In order to investigate the role of calcium ion in the activation process of the lipase, the sole calcium binding sites of Asp242 and Asp288 were replaced by Ala. Three mutant lipase genes were constructed by overlapping PCR, yielding D242A, D288A, and D242/288A. These three genes and the wild-type gene amplified by PCR were coexpressed with the act gene in the coupled transcription-translation system. The activity levels of the single mutants D242A and D288A were about 12 and 5.3% of the wild type, respectively, while that of the double mutant D242/288A was only 2.8%. The time courses of the mutant gene expression showed a decrease in activity after 10 or 20 min, while the wild type showed a stable state after the plateau was reached (Fig. 8) .
Because it was difficult to calculate accurately the concentration of the lipase in the coexpression system, the mutant genes were also expressed in the presence of the presynthesized activator. The specific activities of D242A, D288A, and D242/288A were 15.6, 7.6, and 7.7% of that of the wild-type lipase, respectively ( Table 1) .
The wild-type lipase synthesized in vitro was incubated with a Wild-type (WT) and mutant lipases were expressed by the coupled transcription-translation system with the PCR-amplified DNA as templates in the presence of presynthesized activator. Lipase activities and protein concentrations of the samples from 60 min of translation reaction were analyzed. Protein concentration was deduced from the radioactivity of [ 14 C]leucine incorporated into the synthesized lipase.
20 mM EDTA at 37°C for 2 h, and no activity loss was observed. Since the wild-type lipase was relatively stable even in the presence of the chelator, the low activities of the mutated lipases were possibly owing to their ineffectiveness in the activation process without calcium binding.
DISCUSSION
Pseudomonas lipases classified as classes I and II need a kind of helper protein, named chaperone, modulator, or activator by different authors, which helps in correct folding for their active production. The activation process of the lipases has been studied in detail in vitro by the denaturation-renaturation method that refolds denatured lipase obtained from inclusion body by dialysis in the presence of the chaperone proteins. A 1:1 complex between the lipase and its modulator was reported to be formed during the refolding process (1, 13, 33) . The formation of complex was proposed to weaken the activity of lipase, thus preventing membrane degradation. Furthermore, the proper folding of lipase in the periplasm of Pseudomonas cells appears to be essential for its Xcp-mediated translocation across the outer membrane (25) .
The in vitro refolding, however, may have some differences from the authentic folding process in living organisms. In the denaturation-renaturation system, the refolding of the polypeptide starts from a random coil. But in living organisms, it is possible for lipase to fold partially from its N terminus during translation before it forms a complex with its specific chaperone. The intermediate structure of the lipase during the refolding process by denaturation-renaturation might be different from that of the native process.
In this work, we have succeeded in expressing the active lipase of Pseudomonas sp. strain KWI-56 in an E. coli coupled transcription-translation system. The activator protein of the lipase was added in the expression mixture after partial purification or expressed in situ from its act gene. In both cases, active lipases were synthesized, whereas no activity was detected without the activator protein or act gene. Therefore, it is confirmed that the activator is necessary for activation of the lipase in the in vitro expression system. In addition, compared with the denaturation-renaturation system, we believe that the activation process of our system is closer to that of living organisms, especially for the coexpression of rlip and act.
The timing of addition of the activator did affect protein synthesis of the lipase but did not affect the activation greatly. When the activator was added after 30 min of the protein translation, the activity was only 8.9% of that obtained by adding the activator from the beginning. When the activator was added after 60 min of the reaction, only 3.2% of the activity was recovered. Therefore, it seems that the freshly synthesized lipase will fold into an inactive form soon after being synthesized if there is no activator in the reaction mixture. It can be concluded that if an incorrect conformation of the lipase is once formed, it is difficult for it to be refolded into the active form even by the activator in a natural environment.
The crystal structure of the lipase of P. cepacia (PcL) contains a disulfide bond between Cys190 and Cys270, which was determined by X-ray crystallography (24) . Because the lipase of Pseudomonas sp. strain KWI-56 has a primary structure identity of 97% with PcL, the same disulfide bond is likely to be formed. This disulfide bond has been believed to contribute to the stability of the lipase. However, Hobson et al. reported that in the presence of DTT, no lipase activity could be recovered by renaturation from the denatured lipase of P. cepacia DSM 3959 even if the modulator LimA was added (13) . This report suggests that the disulfide bond may play an important role during the folding of the lipase.
The role of the disulfide bond in the production of active lipase was investigated in detail with a cell-free protein synthesis system in this work. If 2 mM DTT was added into the expression system, the activity decreased dramatically after a peak at 10 min, while without DTT the activity kept rising for an additional 10 to 20 min (Fig. 5 and 6 ). Once the active lipase was finally formed in the absence of DTT, it was relatively stable at 37°C even with DTT being added subsequently. In the presence of DTT, active lipase was synthesized, but at a much lower activity level than that without DTT. A further analysis of the protein synthesis showed little difference between the two cases. One possible explanation of this phenomenon is that the activator binds to the freshly synthesized lipase and assists in its correct folding to yield a transient active state, and this step does not depend on the formation of the disulfide bridge. The transient active state, however, is not stable without the disulfide bond, which is also possibly important for the correct folding steps following its formation. Finally, a stable and active tertiary structure is reached when the disulfide bond is formed between the corresponding Cys residues. In contrast, if this disulfide bond is not formed because of DTT, the lipase will change to a much less active form.
This phenomenon was further investigated by constructing mutant lipases by PCR in vitro. Cysteine residues forming the sole putative disulfide bridge were replaced with serine because they have quite similar structures except for the difference between the thiol and the hydroxyl group. Both mutant lipases with a single replacement (C190S and C270S) and that with a double replacement (C190/270S) showed a similar time course of the activity in the presence and in the absence of DTT, and their activity level was less than 10% of the wild-type activity obtained in the absence of DTT. In contrast, the time course of the wild-type lipase expression had a sharp peak in the presence of DTT but not in its absence (Fig. 7) . Since none of the mutant lipases had a DTT effect, it can be confirmed that DTT directly reduced the disulfide bond, causing a failure in the activation of the synthesized lipase. But in the time courses of mutant lipase expression, no activity peak was found in the early stage of translation as expected. Therefore, another explanation could be that at the start of the reaction some disulfide bonds were still formed, resulting in transiently active lipase. The disulfide bonds were then disrupted by DTT. But the SDS-PAGE experiment to discriminate between lipase molecules with and those without disulfide bonds failed to show any difference in electrophoretic mobility for lipases synthesized at 5, 10, 20, and 60 min of reaction (data not shown). This transient state remains to be further investigated for a correct explanation.
The specific activity levels of the mutant lipases were 10 times lower than that of the wild type (Table 1) . Also, it was found that the stability of the wild-type lipase at 37°C changed little even with the addition of DTT, although its stability at 70°C was decreased by DTT (data not shown). Therefore, in in vivo conditions the role of the disulfide bond between C190 and C270 should be first to make the correct folding and second to stabilize the final structure of the lipase.
Another characteristic of the structure of the lipase from Pseudomonas sp. strain KWI-56 is that it may contain a calcium binding site like the lipases from P. cepacia and P. glumae (24, 31) . Because of the distance between this Ca 2ϩ binding site and the active site, a direct involvement of calcium ion in catalysis seems unlikely; therefore, a structural role of the metal ion is proposed. It has been reported that the active conformation of Pseudomonas lipase is stabilized by calcium ion (39). Shibata et al. (36) found that Ca 2ϩ was essential for the formation of the lipase-modulator complex from Pseudomonas aeruginosa in the denaturation-renaturation process, and the addition of EDTA rapidly caused inactivation of the reactivated lipase. Mn 2ϩ could also play the role of Ca 2ϩ , although it was not so effective (36) . In our work, however, the stability of the in vitro-synthesized lipase was not affected by addition of 20 mM EDTA while it was incubated at 37°C for 2 h. This result suggests the independence of the stability of the lipase at 37°C from free divalent cations. It is possible that for this heat-resistant lipase, its stability at low temperatures does not depend so much on the metal ion as does that of other lipases.
If 20 mM EDTA was added to the expression system of the lipase, its synthesis was inhibited completely by the removal of Mg 2ϩ , which is necessary for the protein synthesis reaction. So the effect of Ca 2ϩ on lipase activation could not be examined by the method of adding EDTA to the cell-free lipase synthesis system. Further investigation was carried out by mutant lipases with calcium-binding-site-forming Asp residues being replaced by Ala. The coexpression of the mutant rlip genes (D242A, D288A, and D242/288A) with the act gene did not show any high level of activity during the time course (Fig. 8) . Also, the specific activity of each mutated lipase was much lower than that of the wild type (Table 1) . It suggests the importance of this Ca 2ϩ binding site in the production of active lipase. Considering the relative stability of the wild-type lipase in the presence of EDTA, the binding of divalent ions to this site seems to be important for the activation process of the lipase.
